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DIRECT MEASUREMENTS OF TURBULENT SKIN FRICTION ON 
A NONADIABATIC FLAT PLATE AT MACH NUMBER 6 .5  
AND COMPARISONS WITH EIGHT THEORIES 
By Edward J .  Hopkins, Ear l  R .  Keener, 
and Pearl  T .  Louie 
Ames Research Center  
SUMMARY 
The l o c a l  t u r b u l e n t  s k i n  f r i c t i o n  was d i r e c t l y  measured with a f l o a t i n g -  
element ba lance  mounted f l u s h  i n  a sharp-edged f l a t  p l a t e .  
was 6.5,  t h e  length  Reynolds number ranged from about 0 .7  t o  14 mi l l i on ,  and 
t h e  r a t i o  of  wal l - to-ad iaba t ic -wal l  temperature  ranged from 0 . 3  t o  0 .5 .  The 
s k i n - f r i c t i o n  r e s u l t s  were used t o  eva lua te  e i g h t  t h e o r i e s  on a genera l ized  
b a s i s  by determining which theory  gives  t h e  b e s t  t ransformat ion  of t h e  d a t a  
onto an incompressible  s k i n - f r i c t i o n  curve.  This eva lua t ion  i n d i c a t e s  t h a t  
t h e  b e s t  p red ic t ions  o f  s k i n  f r i c t i o n  (wi th in  about 5 percent )  are given by 
t h e  Van Driest I1 o r  Coles t h e o r i e s  when momentum-thickness Reynolds number i s  
used. The unce r t a in ty  in t roduced  by t h e o r i e s  t h a t  r e q u i r e  e s t ima tes  of  a 
v i r t u a l  o r i g i n  of t u rbu len t  flow i s  demonstrated.  
The Mach number 
INTRODUCTION 
Numerous d i r e c t  and i n d i r e c t  measurements of  t u r b u l e n t  s k i n  f r i c t i o n  have 
Most o f  t h e s e  d a t a  were compared been made on f l a t  p l a t e s  i n  supersonic  flow. 
i n  re ferences  1 and 2 with p red ic t ed  va lues  from s e v e r a l  s k i n - f r i c t i o n  theo- 
r i e s .  From both reviews it can b e  concluded t h a t  s a t i s f a c t o r y  p r e d i c t i o n s  of 
t u rbu len t  s k i n  f r i c t i o n  can b e  made f o r  t h e  ad iaba t ic -wal l  case  a t  supersonic  
Mach numbers up t o  about 4 by us ing  e i t h e r  t h e  r e fe rence  temperature method 
of  Sommer and Shor t  ( r e f .  3) o r  t h e  mixing-length methods o f  Wilson ( r e f .  4) 
and Van Driest I1 ( r e f .  5 ) .  
A t  hypersonic  Mach numbers t h e r e  i s  g r e a t e r  u n c e r t a i n t y  regarding t h e  
proper  method f o r  p r e d i c t i n g  s k i n  f r i c t i o n ,  bo th  f o r  t h e  ad iaba t ic -wal l  case  
(refs. 1, 2 ,  and 6) and t h e  nonadiabat ic-wal l  case ( r e f s .  7 -9) .  Prel iminary 
design s t u d i e s  on a p o s s i b l e  f i r s t - g e n e r a t i o n  Mach 6 c r u i s e  a i r p l a n e  i n d i c a t e  
t h a t  t h e  major p a r t  o f  t h e  s u r f a c e s  m u s t  b e  maintained below 1500° R; hence 
these  su r faces  w i l l  b e  cooled considerably below t h e  ad iaba t ic -wal l  tempera- 
t u r e .  In  fac t ,  t h e  r a t i o  of  wal l - to-ad iaba t ic -wal l  temperature  w i l l  probably 
range from about 0 .4  t o  0 .5 .  For these  flow condi t ions ,  t h e  l imi t ed  sk in -  
f r i c t i o n  d a t a  (most o f  which were obta ined  by i n d i r e c t  means) are inconclus ive  
i n  showing t h e  e f f e c t s  o f  h e a t  t r a n s f e r  on t h e  s k i n  f r i c t i o n .  
To make an accura te  eva lua t ion  o f  e x i s t i n g  methods f o r  p r e d i c t i n g  s k i n  
f r i c t i o n  a t  hypersonic  Mach numbers, t h e  p r e s e n t  i n v e s t i g a t i o n  was undertaken 
t o  provide d i r e c t  measurements of s k i n  f r i c t i o n  on a f l a t  p l a t e  having a l o c a l  
Mach number of 6 .5 .  
p l a t e  was va r i ed  from 0 . 3  t o  0 .5 .  The momentum-thickness Reynolds number 
from boundary-layer surveys was used i n  t h e  eva lua t ion  t o  avoid having t o  
def ine  a r b i t r a r i l y  t h e  v i r t u a l  o r i g i n  of  t u r b u l e n t  flow. The e i g h t  methods 
chosen f o r  eva lua t ion  were those  of Van Driest I1 ( ref .  5) , Spalding and Chi 
( r e f .  9) ,  Sommer and Shor t  (ref.  3), Ecker t  ( ref .  l o ) ,  Moore ( r e f .  11 ) ,  
Harkness (ref.  12 ) ,  Coles (ref.  13) ,  and Baront i  and Libby ( ref .  14 ) .  A por- 
t i o n  of t h i s  eva lua t ion  was repor ted  i n  r e fe rence  15 without  p re sen t ing  t h e  
d e t a i l s  o f  t h e  a n a l y s i s  and measurements. 
The r a t i o  of wal l - to-ad iaba t ic -wal l  temperature  of  t h e  
APPARATUS AND TEST 
Wind Tunnel 
The i n v e s t i g a t i o n  was conducted i n  a i r  i n  t h e  Ames 3.5-Foot Hypersonic 
Wind Tunnel. This f a c i l i t y  i s  a blow-down-type wind tunne l  i n  which t h e  a i r  
i s  heated by a h o t  pebble bed t o  temperatures ranging from about 1200' t o  
2000O R .  The t h r o a t  and nozz le  walls a r e  cooled by helium i n j e c t i o n  ahead of  
t h e  t h r o a t ,  t h e  helium remaining wi th in  t h e  wind-tunnel boundary l a y e r  as 
confirmed by surveys.  The Mach 7.4 nozzle  was used i n  t h e  p re sen t  t e s t .  The 
s t agna t ion  p res su re  was va r i ed  from 7 t o  66 a t m  and t h e  t e s t i n g  time was 
between 2 and 3 min depending on t h e  p re s su re  l e v e l .  
Model and Ins t rumenta t ion  
The model was a sharp-edged f l a t  p l a t e ,  which was s t i n g  supported as 
shown i n  f i g u r e  1. A dimensional ske tch  of  t h e  f l a t  p l a t e  i s  presented  i n  
f i g u r e  2 .  The average th ickness  of  t h e  lead ing  edge was 0.005 inch as mea- 
sured on a magnetometer. The boundary l a y e r  was surveyed a t  a s t a t i o n  39.2 i n .  
behind t h e  lead ing  edge wi th  a p i t o t - p r e s s u r e  probe,  a s t a t i c - p r e s s u r e  probe, 
and a to ta l - tempera ture  probe. Details of  t hese  probes are shown i n  f i g u r e s  3 
and 4 .  The boundary-layer survey complex and i t s  s i d e  suppor ts  can b e  seen  
near  t h e  r e a r  of  t h e  p l a t e  i n  f i g u r e  1. After t h e  survey mechanism was 
stopped, s u f f i c i e n t  t ime was allowed f o r  t h e  p re s su res  t o  a t t a i n  equi l ibr ium.  
The to ta l - tempera ture  probe had only a s i n g l e  s h i e l d  t o  minimize i t s  s i ze  and 
poss ib l e  i n t e r f e r e n c e  effects from i n t e r a c t i o n  of  t h e  probe shock and t h e  
boundary l a y e r .  
u n i t  Reynolds numbers t h a t  covered those  encountered w i t h i n  t h e  boundary 
l aye r .  
The temperature probe was c a l i b r a t e d  over  a range of  tunnel  
The s k i n  f r i c t i o n  was measured by a f loa t ing-e lement  balance (manufac- 
tu red  by Kistler Instrument Corporat ion) ,  which had a movable element 
0.370 i n .  i n  diameter and a pe r ime t r i ca l  gap o f  0.003 i n .  This element was 
centered by means of a s e l f - n u l l i n g  c i r c u i t  f o r  each measurement. A photo- 
graph of  t h e  ba lance  with t h e  water j acke t  used t o  maintain t h e  e l e c t r i c a l  
2 
por t ion  of  t h e  balance below 200° F is shown i n  f i g u r e  5. 
c a l i b r a t e d  by hanging small weights from i t s  su r face  o r i e n t e d  i n  a v e r t i c a l  
plane . 
The balance was 
. Test  Conditions 
The sharp-edged f l a t  p l a t e  was mounted with i t s  t e s t  sur face  3' t o  t he  
windward s o  t h a t  t h e  l o c a l  Mach number was 6 .5  for a f ree-s t ream Mach number 
of  7.4.  Local u n i t  Reynolds numbers v a r i e d  from about 0.2 t o  4 . 1  mi l l i on  p e r  
f o o t .  S t a t i c - p r e s s u r e  measurements made on t h e  su r face  ind ica t ed  nea r ly  
i s o b a r i c  condi t ions  i n  t h e  v i c i n i t y  o f  t he  survey s t a t i o n .  Nearly isothermal  
wal l  condi t ions were maintained along the  c e n t e r l i n e  of  t h e  p l a t e  by water 
cool ing near  t h e  lead ing  edge and a i r  cool ing i n  t h e  instrument  housing. ,The 
l a rge  mass of t h e  aluminum f l a t  p l a t e  a l s o  a s s i s t e d  i n  maintaining nea r ly  
isothermal condi t ions  (within S O 0  F) ,  v e r i f i e d  by monitoring thermocouples 
along the  length of  t h e  p l a t e .  The inc rease  i n  su r face  temperature during a 
run was l e s s  than 5 percent  of t h e  t o t a l  temperature.  
For low Reynolds numbers it was necessary t o  t r i p  t h e  boundary l a y e r  t o  
ob ta in  f u l l y  developed t u r b u l e n t  flow a t  t h e  survey s t a t i o n .  This was accom- 
p l i shed  by a row of  pentagonal t r i p s  placed 4 i n .  behind t h e . l e a d i n g  edge as 
shown i n  f i g u r e s  1 and 2 .  Ef fec t iveness  of t h e  t r i p s  was v e r i f i e d  by t h e  
subl imat ion visual-f low technique.  Fluorene was chosen a s  t h e  sublimable 
ma te r i a l  and was sprayed on t h e  model i n  a s o l u t i o n  o f  petroleum e t h e r .  
Measurements 
The fol lowing q u a n t i t i e s  were measured: 
Free stream: 
p t , o  
Reservoir  t o t a l  p r e s s u r e ,  
Reservoir  t o t a l  temperature ,  Tt ,o  
Average Mach number a t  t h e  p l a t e  leading-edge s t a t i o n  obtained from 
tunnel  survey without model i n s t a l l e d ,  M, 
Flow angle  from a tunnel  survey without  model i n s t a l l e d  
FZat pZate: 
Surface temperature ,  Tw 
Local shea r  s t r e s s ,  T 
W 
3 
B o u n d q -  Zayer survey : 
P i t o t  p re s su re ,  p 
To ta l  temperature ( ind ica t ed ) ,  
t ,  2 
Tt 
Distance from s u r f a c e  t o  c e n t e r  o f  probe faces, y 
DATA REDUCTION 
Boundary-Layer-Edge Conditions 
Local flow condi t ions  a t  t h e  edge o f  t h e  boundary l a y e r  on t h e  f l a t  p l a t e  
(39 i n .  behind t h e  lead ing  edge) were ca l cu la t ed  from t h e  measured boundary- 
layer-edge p i t o t  p r e s s u r e  (pt,,),  r e s e r v o i r  t o t a l  p re s su re  (pt ,o),  r e s e r v o i r  
t o t a l  temperature (Tt,o!, and t h e  tunnel  c a l i b r a t i o n  Mach number (Ma). 'The  
compressible flow r e l a t i o n s  i n  r e fe rence  16 were used i n  t h e  c a l c u l a t i o n s ,  
which included c o r r e c t i o n s  f o r  c a l o r i c a l l y  imperfect gas effects .  
S t a t i c  p re s su re . -  Since t h e  tes t  s u r f a c e  was mounted 3' t o  t h e  windward, 
t h e  s t a t i c  p re s su re  ( p p )  was ca lcu la t ed  f o r  a flow d e f l e c t i o n  angle  o f  3' .  
Measured suEface p res su res  agreed with t h e  c a l c u l a t e d  p res su res  wi th in  
f5 percen t  f o r  t h e  h igher  Reynolds numbers (Re > 4000). 
Rayleigh p i t o t  equat ion  using t h e  c a l c u l a t e d  
s u r e  from t h e  t r a v e r s i n g  probe. 
cond i t ion  from t h e  p i to t -p robe  measurements a t  t h e  survey s t a t i o n ,  The r e a l  
gas c o r r e c t i o n  f o r  Mach number was l e s s  than 1 pe rcen t  f o r  t h e  temperature 
range of t h e  t es t .  
Mach number.- Mach number (Me = 6 .5  f 0.17) was c a l c u l a t e d  from t h e  
pe and t h e  measured p i t o t  p res -  
There was no d i f f i c u l t y  i n  p ick ing  an edge 
S t a t i c  temperature.-  S t a t i c  temperature (T,) was c a l c u l a t e d  from Me and 
T,,,, assuming t h a t  
r a t i o  of Te/Tt,e.  
(Ue) from t h e  equat ion  
(p,) from t h e  equat ion  o f  s t a t e  (pe = pe/RTe), and v i s c o s i t y  (ue) from Keyes' 
equa t ion  ( r e f .  17) and t a b l e  1 (eq. (38)). 
T t , e  = T T , ~ .  A r e a l  gas c o r r e c t i o n  was appl ied  t o  t h e  
s i n c e  T e  < 300' R), d e n s i t y  
This s t a t i c  temperature was used t o  c a l c u l a t e  v e l o c i t y  
Ue = Me- (y = 1 .4  
Dynamic p res su re . -  The dynamic p res su re  was c a l c u l a t e d  from 
qe = [qe / (P t ,2 )  e 1 (P t ,2 )e .  
qe/(pt ,2)e = 0.54 i s  wi th in  1 pe rcen t  as d iscussed  i n  r e fe rence  18.  
quent ly ,  t h e  accuracy of qe depends p r i m a r i l y  on t h e  accuracy of (p ) 
For  5 < Me < 10 and Tt ,e  < 2000" R ,  t h e  r a t i o  
Conse- 
t , '  e '  
Momentum Thickness 
The momentum th ickness  (e )  of t h e  boundary l a y e r  was obtained by i n t e -  
g r a t i o n  from 
4 
The r a t i o s  
survey, t h e  c a l c u l a t e d  s u r f a c e  s t a t i c  p res su re  (pe) ,  and an assumed l i n e a r  
Crocco d i s t r i b u t i o n  of  t o t a l  temperature  with v e l o c i t y  ( u n i t  P rand t l  no.)  a s  
fol lows:  From t h e  p e r f e c t  gas equat ion ,  with s t a t i c  p re s su re  assumed constant  
across  t h e  boundary l a y e r ,  t h e  dens i ty  r a t i o  may be  wr i t t en  as: 
p / p e  and U/Ue were determined from t h e  measured p i t o t - p r e s s u r e  
T 
P 1 + 0.2M2 t , e  
- Pe = F =(1 + o*2ME)T 
and t h e  v e l o c i t y  r a t i o  may be w r i t t e n  i n  terms of  Mach number and temperature 
r a t i o  as  
The l o c a l  Mach number was c a l c u l a t e d  from t h e  Rayleigh p i t o t  equat ion ,  given 
pe and t h e  measured p The r a t i o  Tt /Tt ,e  was c a l c u l a t e d  from the  
Crocco r e l a t i o n  i n  t h e  fo l lowing  form: 
t , 2 ‘  
where ( T T w ) ( l  + 0.2Mi)1’2 - 
Me 
c = 0.5 1 - - 
t , e  1 + 0.2M2 
Real gas co r rec t ions  t o  t h e  dens i ty  and v e l o c i t y  r a t i o s  were found t o  b e  
small  and were ignored.  
Total  temperatures  were measured f o r  fou r  o f  t h e  boundary-layer  surveys; 
t h e  r e s u l t s  agreed with t h e  Crocco temperature  d i s t r i b u t i o n  wi th in  experimen- 
t a l  accuracy ( r e f .  1 5 ) .  Since measured temperatures were n o t  a v a i l a b l e  f o r  
a l l  t h e  da t a ,  t h e  Crocco temperature  r e l a t i o n  was used f o r  a l l  t h e  
c a l c u l a t i o n s .  
ACCURACY 
The es t imated  probable  u n c e r t a i n t i e s  of  t he  p e r t i n e n t  recorded and 
c a l c u l a t e d  q u a n t i t i e s  are as fol lows:  
5 
T 5 0 "  R P t ,2 '  'e +2 percen t  
k7 percent  
TW 
P,, Tw' 0 k5 percen t  + 8  percent  
+O .17 Y fO.005 i n .  Me 
t , o  
Ue've + lo"  R 
The manufacturer ' s  s p e c i f i c a t i o n s  f o r  t h e  probable  u n c e r t a i n t i e s  i n  t h e  
measurements from t h e  s k i n - f r i c t i o n  ba lance  are as fol lows:  
L i n e a r i t y  dev ia t ion ,  pe rcen t  o f  f u l l  scale +0.3 
Null  s t a b i l i t y ,  percent  o f  f u l l  s c a l e  f l  
Addit ional  information concerning t h e  accuracy o f  a similar balance i s  
repor ted  i n  r e fe rence  8.  No buoyancy c o r r e c t i o n  was app l i ed  s i n c e  a negl ig-  
i b l e  p re s su re  g rad ien t  was measured i n  t h e  v i c i n i t y  o f  t h e  ba lance .  P r e l i m -  
i na ry  wind-tunnel tests of  a s p e c i a l  ba lance ,  geometr ica l ly  similar t o  t h e  
fo rce  balance,  i n d i c a t e d  t h a t  t h e  f l o a t i n g  element i s  less than  100" F above 
t h e  o u t e r  case .  An important  concern i s  t h e  e x t e n t  t o  which t h e  f l o a t i n g  
element remains f l u s h  under hea t ing .  Previous experimenters  u s ing  f l o a t i n g  
element have r epor t ed  t h a t  t h e  e r r o r  caused by f loa t ing-e lement  depression 
under 0.0005 i n .  i s  less than 2 pe rcen t .  No p r o t r u s i o n  can be  t o l e r a t e d .  A t  
room temperature ,  depression was well w i t h i n  0.0005 i n .  During t h e  time f o r  
t r a v e r s i n g  t h e  boundary l a y e r  ( 2  t o  3 min), t h e  ba lance  readings  va r i ed  l e s s  
than 2 pe rcen t ,  which ind ica t ed  t h a t  t h e  f l o a t i n g  element was n o t  pro t ruding  
due t o  hea t ing .  Balance c a l i b r a t i o n s  b e f o r e  and a f t e r  t h e  t e s t ,  t h e  zeroes ,  
and t e s t - c o i l  c a l i b r a t i o n s  taken between each t e s t  run were wi th in  t h e  spec i -  
f i c a t i o n s .  In conclusion,  t h e  probable  e r r o r  i n  wall shea r  stress is  e s t i -  
mated t o  b e  k 2  percen t  o f  f u l l - s c a l e  va lue  o r  20.04 p s f .  The r e p e a t a b i l i t y  
o f  t h e  measured d a t a  dur ing  a boundary-layer survey was wi th in  +2 percent  
(20 tes t  p o i n t s ) .  
METHOD OF ANALYSIS 
In  p r a c t i c e ,  s k i n  f r i c t i o n  is most commonly c a l c u l a t e d  on t h e  b a s i s  of  
a length Reynolds number R,. I n  t h e  usua l  case of  mixed flow (combined 
laminar,  t r a n s i t i o n a l ,  and tu rbu len t  flow) t h e  Cf (Rx)  method o f  d a t a  a n a l y s i s .  
r equ i r e s  t h e  determinat ion of  a s u i t a b l e  v i r t u a l  o r i g i n  o f  t u r b u l e n t  flow s o  
t h a t  an equiva len t  length  of t u rbu len t  flow can b e  used i n  No d i r e c t  
method i s  a v a i l a b l e  t o  determine t h e  v i r t u a l  o r i g i n ,  however, e s p e c i a l l y  f o r  
t h e  case of  a r t i f i c i a l l y  t r i p p e d  flow; consequently,  t h e  Cf(Rx) method has  
some disadvantages i n  eva lua t ing  t h e o r i e s .  
Rx. 
A l l  t h e  t h e o r i e s  can be  w r i t t e n  as a func t ion  o f  e i t h e r  R, o r  R e .  The 
l a t t e r ,  based on momentum th i ckness ,  i s  a more meaningful boundary-layer 
Reynolds number f o r  ana lyz ing  d a t a  and accounts f o r  a l l  t h e  momentum l o s s e s  
wi th in  t h e  boundary l a y e r  up t h e  measuring s t a t i o n .  The use o f  R e  t o  cor- 
re la te  l o c a l  s k i n  f r i c t i o n  i s  less a r b i t r a r y  than  t h e  use  of  an assumed 
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v i r t u a l  o r i g i n .  As shown i n  r e fe rence  2 ,  t h e  Cf(R8) method of  a n a l y s i s ,  
which is used h e r e ,  s a t i s f a c t o r i l y  c o r r e l a t e s  a v a i l a b l e  measurements of 
ad iaba t ic -wal l  s k i n  f r i c t i o n  a t  subsonic  and supersonic  Mach numbers. 
Each of t h e  e i g h t  t h e o r i e s  examined h e r e i n  conta ins  func t ions  f o r  t r a n s -  
forming t h e  compressible s k i n  f r i c t i o n  onto t h e  incompressible  p lane .  Each 
method i s  eva lua ted  on a gene ra l i zed  b a s i s  by determining how c lose  a p a r t i c -  - 
u l a r  - method t ransforms t h e  measured Cf and R e  onto an incompressible  C f  
v s .  R e  curve. Such a comparison permits  experimental  p o i n t s  obtained under 
d i f f e r e n t  t es t  condi t ions  t o  b e  examined tbge the r .  I t  fol lows t h a t  i f  a 
given theory t ransforms experimental  d a t a  onto t h e  incompressible  curve,  
t h a t  theory can be expected t o  account p.roperly f o r  t h e  e f f e c t s  of  
Tw/Taw, TtYe, and R e  
t h a t  t ransforms - t h e  experimental  s k i n - f r i c t i o n  d a t a  onto t h e  incompressible 
curve (cf v s .  Re) would a l s o  accu ra t e ly  p r e d i c t  s k i n  f r i c t i o n  i n  terms of 
t h e  Reynolds number based on t h e  d i s t a n c e  behind t h e  v i r t u a l  o r i g i n  of tu rbu-  
l e n t  flow t o  t h e  measuring s t a t i o n .  For t h i s  s tudy ,  t h e  transformed exper i -  
mental po in t s  are compared with t h e  K5rmBn-Schoenherr incompressible  r e l a -  
t i o n s h i p  of  cf with EO, def ined  by equat ion (39) i n  t a b l e  1. This equat ion 
is  known t o  g ive  a good r e p r e s e n t a t i o n  of  a v a i l a b l e  experimental  d a t a  over  a 
wide range o f  Reynolds numbers (see r e f s .  19 and 2 0 ) .  
Me, 
on s k i n  f r i c t i o n .  I t  i s  a l s o  expected t h a t  a theory 
THEORIES 
Equations f o r  t h e  e i g h t  t h e o r i e s  evaluated are given i n  d e t a i l  i n  t a b l e  
1. A l l  t h e  t h e o r i e s  are o f  t h e  t ransformat ion  type;  t h a t  i s ,  each theory 
conta ins  t ransformat ion  func t ions  t h a t  e s t a b l i s h  a correspondence between 
compressible and incompressible  s k i n  f r i c t i o n .  For some t h e o r i e s ,  t h e  t r a n s -  
formations were o r i g i n a l l y  given f o r  only 
R e  
i s o b a r i c  and isothermal  flow condi t ions  ( e . g . ,  s e e  re f .  9 ) :  
Cf and Rx;  t h e  t ransformat ion  f o r  
was obtained from t h e  fol lowing r e l a t i o n s h i p  f o r  a f l a t  p l a t e  having 
Van D r i e s t  I1 (Ref. 5) 
The Von K&m& mixing length  i s  used i n  t h e  P rand t l  s h e a r - s t r e s s  equat ion 
with t h e  Crocco temperature  d i s t r i b u t i o n  assumed through t h e  boundary l a y e r .  
I t  should be noted t h a t  a temperature  recovery f a c t o r  of  0.88 f o r  t u rbu len t  
flow was used i n  t h e  equat ions  f o r  t h i s  theory  i n  a manner given by Spaiding 
and Chi ( r e f .  9 ) .  
Spalding and Chi (Ref. 9)  
The func t ion  f o r  t ransforming Cf (eq.  ( 7 ) )  was assumed t o  b e  t h e  same 
as t h a t  der ived  by Van Driest wi th  a temperature  recovery f a c t o r  included.  
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The t ransformat ion  func t ion  f o r  R e  (eq. (8) )  was assumed t o  comprise t h e  fac-  
t o r s  (Tw/Taw)n and (Tw/Te)m where n and m were der ived  from experimental  
da t a .  Unfortunately,  when t h i s  method was developed, f e w  d i r e c t l y  measured 
s k i n - f r i c t i o n  d a t a  were a v a i l a b l e  a t  t h e  h ighe r  Mach numbers, so  t h a t  m and 
n were p r imar i ly  der ived  from i n d i r e c t  measurements of  s k i n  f r i c t i o n .  
Sommer and Short  (Ref. 3) 
I t  i s  assumed t h a t  
va lues ,  provided t h a t  t he  dens i ty  and v i s c o s i t y  contained i n  these  v a r i a b l e s  
a r e  evaluated a t  some reference  temperature (eq. (11)) t h a t  i s  a func t ion  of 
M e ,  Tw, and T t , e .  This reference-temperature  (TI) method was f i r s t  proposed 
by Rubesin and Johnson f o r  a laminar boundary l aye r  i n  r e fe rence  2 1 .  The 
cons tan ts  contained i n  t h i s  func t ion  were der ived  from l imi t ed  experimental  
d a t a  obtained i n  a f r e e - f l i g h t  range. 
Cf and R e  can be transformed t o  incompressible  
Eckert  (Ref. 10) 
The re ference  temperature assumptions are t h e  same as those  f o r  Sommer 
and S h o r t ' s  theory;  however, the  contan ts  i n  t h e  reference-temperature  
equat ion (eq. (14)) a r e  d i f f e r e n t .  
Moore (Ref, 11) 
The a d i a b a t i c  theory of  Wilson ( r e f .  4 ) ,  based on the  Von K&m& mixing- 
length  concept,  i s  extended t o  inc lude  t h e  e f f e c t s  of  h e a t  t r a n s f e r .  I t  
assumes a quadra t i c  t o t a l  t empera ture-ve loc i ty  r e l a t i o n s h i p  
(Tt - Tw)/ (Tt ,e  - Tw) = (U/Ue)2. 
temperature d i s t r i b u t i o n  i s  v a l i d  only f o r  wind-tunnel walls and not  f o r  f l a t  
p l a t e s .  
Reference 15 provides  evidence t h a t  such a 
Harkness (Ref. 12) 
The mixing-length concept of Von K&m& i s  u t i l i z e d  i n  a manner s imilar  
t o  t h a t  o f  Van Driest I1 ( r e f .  5) except t h a t  t h e  e f f e c t  of hea t  t r a n s f e r  on 
t h e  laminar sublayer  i s  obta ined  from a v a i l a b l e  experimental  d a t a .  
Coles (Ref. 13) 
A law of  corresponding s t a t i o n s  i s  hypothesized i n  which t h e  product C f R o  
i s  t h e  same a t  corresponding po in t s  i n  any two flows r e l a t e d  by t h e  transforma- 
t i o n .  For t h e  t ransformat ion ,  a s u b s t r u c t u r e  hypothes is  i s  invoked wi th  a 
cons tan t  subs t ruc tu re  Reynolds number based on a dens i ty  and v i s c o s i t y  evalu-  
a t e d  a t  a s u i t a b l e  mean temperature,  TC (eq.  (26 ) ) .  Although Coles '  theory 
implies  t h a t  ( r f ) c  a l s o  i s  given as a func- 
t i o n  of (&)c f o r  conformity with t h e  o t h e r  g e n e r a l i z a t i o n  p r e s e n t a t i o n s .  
i s  a func t ion  of  (i7fR,)c, (Cf)c 
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Baront i  and Libby ( R e f .  14) 
The t ransformat ion  is  pa t t e rned  a f t e r  Coles except t h a t  it uses  t h e  
sublayer  hypothesis  of Donaldson (ref. 22) in s t ead  of  t h e  subs t ruc tu re  hypo- 
t h e s i s  chosen by Coles.  The Reynolds number a s soc ia t ed  wi th  t h e  laminar 
sublayer  i s  assumed i n v a r i a n t  and t o  conta in  a dens i ty  and v i s c o s i t y  t h a t  a r e  
based on the  temperature a t  t h e  edge of  t h e  laminar sub laye r  Tf (eq.  (31) ) .  
RESULTS AND DISCUSSION 
Skin-Fr ic t ion  Data Cf(R6) 
The s k i n - f r i c t i o n  d a t a  are presented  i n  f i g u r e  6 as a func t ion  of R e  
and are t abu la t ed  i n  t a b l e  2 with t h e  l o c a l  flow cond i t ions ,  The c ross -  
hatched band i n  t h e  f i g u r e  r ep resen t s  t h e  m a x i m u m  expected spread of t h e  
experimental  d a t a  from d i f f e r e n c e s  i n  the  r a t i o  Tw/Taw according t o  Coles '  
theory.  The dashed curve r ep resen t s  t h e  expected l e v e l  of  t he  d a t a  according 
t o  t h e  Rubesin-Johnson theory ( r e f .  21) f o r  laminar f low.  The r e s u l t s  i n d i -  
c a t e  t h a t  the  t h r e e  d a t a  p o i n t s  obtained a t  t he  lowest Reynolds numbers a r e  
probably f o r  t r a n s i t i o n a l  flow and t h a t  t h e  remaining d a t a  p o i n t s  are 
probably f o r  t u r b u l e n t  flow. 
Evaluat ion of Theories 
- 
Figure 7 p re sen t s  t h e  tu rbu len t  d a t a  on a genera l ized  b a s i s  Cf(Fe) f o r  
each of t he  e i g h t  t h e o r i e s .  Note t h a t  t he  d a t a  obtained with and without  
boundary-layer t r i p s  ( ind ica t ed  - by f lagged and unflagged symbols) gene ra l ly  
are c o r r e l a t e d  on the  b a s i s  of  R e  f o r  each theory.  The boundary-layer 
t r i p s  increased  the  momentum-thickness Reynolds number (Re) as shown i n  
t a b l e  2 and thereby moved t h e  v i r t u a l  o r i g i n  of t u r b u l e n t  flow forward. 
A comparison of  t h e  transformed d a t a  with the  K&m&-Schoenherr incom- 
p r e s s i b l e  curve i n d i c a t e s  t h a t  t h e  theo r i e s  of  both Van Dr ie s t  112 ( f i g .  7 ( a ) )  
and Coles ( f i g .  7(d))  would p r e d i c t  t h e  sk in  f r i c t i o n  t o  wi th in  about 5 
pe rcen t .  For a l l  o t h e r  t h e o r i e s ,  t he  transformed experimental  p o i n t s  l i e  
above the  incompressible  curve; consequently,  t h e  sk in  f r i c t i o n  would be 
underpredicted by about 15 percent  by t h e  theory of Sommer and Shor t ,  and 20 
t o  25 percent  by t h e  t h e o r i e s  of Spalding and Chi, Eckert ,  Harkness, and 
Baronti  and Libby. Moore's theory ,  although based on an i n c o r r e c t  tempera- 
t u r e  d i s t r i b u t i o n  wi th in  t h e  boundary l a y e r  (see Theories s e c t i o n ) ,  would 
g ive  good p r e d i c t i o n s  of s k i n  f r i c t i o n  a t  high Reynolds numbers b u t  would 
m d e r p r e d i c t  t h e  s k i n  f r i c t i o n  up t o  10 percent  a t  t h e  lowest Reynolds numbers. 
See - f i g u r e  . - . - 7 ( c ) .  .- 
presented  i n  r e fe rence  2 3 ;  t h e  r e s u l t s  s u b s t a n t i a t e  t h i s  conclusion.  
t h e  Van Driest theory ,  t h e  p red ic t ed  Cf would be about 5 percent  lower and 
t h e  c o r r e l a t i o n s  poorer .  
~. _ _  . . . - .  . . . -_-________-.  _ _  - _ _ .  
'Boundary- l a y e r  t r a n s i t i o n  measurements ob ta ined  without  t r i p s  a r e  
21f a temperature  recovery f a c t o r  of  1 . 0  i n s t e a d  of  0 .88 were used i n  
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A comparison of t h e  r e s u l t s  presented  a t  t h e  top  and bottom o f  
f i g u r e s  7(d) and 7(e)  i n d i c a t e s  t h a t  - t h e  -- coord ina tes  given by Coles '  law 
of corresponding s t a t i o n s  ( i . e . ,  Cf = f(CfR0) c o r r e l a t e  I t h e  d a t a  about t h e  
same as t h o s e  used f o r  t h e  o t h e r  methods ( i . e . ,  Cf = f (Eo)). 
VIRTUAL O R I G I N  
- _  
Previous eva lua t ions  of s k i n  f r i c t i o n  have used p r i m a r i l y  t h e  Cf(Rx) 
method of a n a l y s i s ,  which r e q u i r e s  t h e  de te rmina t ion  o f  a v i r t u a l  o r i g i n  of 
t u r b u l e n t  flow. I t  i s  of i n t e r e s t ,  t h e r e f o r e ,  t o  examine t h e  l o c a t i o n  of 
t h e  v i r t u a l  o r i g i n  as p red ic t ed  by each of t h e  e i g h t  t h e o r i e s  f o r  t h e  measured 
va lue  of R e .  The c a l c u l a t i o n  procedure i s  descr ibed  i n  appendix A.  The 
tes t  condi t ion  chosen f o r  t h e  r e s u l t s  ( f i g .  8) corresponds t o  t h e  h ighes t  
Reynolds number f o r  which t r a n s i t i o n  was n a t u r a l  (no t r i p s ) .  A l l  t h e  
t h e o r i e s  l o c a t e  t h e  v i r t u a l  o r i g i n  well ahead o f  t h e  end o f  t r a n s i t i o n  i n d i -  
ca t ed  by t h e  subl imat ion  s t u d i e s  of re ference  23 .  The maximum d i f f e r e n c e  i n  
t h e  d i s t a n c e  from t h e  measuring s t a t i o n  t o  the  v i r t u a l  o r i g i n  is less than 
20 pe rcen t .  Consequently, t h e s e  d i f f e r e n c e s  i n  v i r t u a l  o r i g i n  cannot expla in  
t h e  l a r g e  d i f f e r e n c e s  i n  t h e  p r e d i c t e d  Cf ( f i g .  7) which must  ar ise  p r imar i ly  
from d i f f e r e n c e s  i n  t h e  t ransformat ion  func t ions  f o r  each theory  g iven  i n  
t a b l e  1. For example, t h e  underpredic t ion  of Cf of 20 t o  25 percent  by t h e  
Spalding and Chi theory  compared wi th  a p r e d i c t i o n  wi th in  5 percent  by t h e  
Van Driest theory  r e s u l t s  from d i f f e r e n c e s  i n  t h e  transformed 
250 pe rcen t  f o r  t h e s e  t h e o r i e s  as shown i n  f i g u r e  7(a}. 
R e  of 200 t o  
Another method f o r  ob ta in ing  t h e  v i r t u a l  o r i g i n  i s  d iscussed  i n  refer-  
ence 24.  This method assumes t h a t  e l am = etu,-., a t  t h e  end of t r a n s i t i o n  s o  
t h a t  t h e  d i s t a n c e  ahead o f  t h e  end o f  t r a n s i t i o n  t o  t h e  v i r t u a l  o r i g i n  may b e  
c a l c u l a t e d  from 
f r i c t i o n  r a t i o  i s  determined from theory ,  and x1,lam is  t h e  d i s t a n c e  t o  
t h e  lead ing  edge. For t h e  experimental case  of f i g u r e  8, t h i s  method g ives  a 
va lue  of x = 23.5 i n . ,  which is  midway between t h e  V a n  Driest I1 theory  and 
the  end of t r a n s i t i o n  ind ica t ed  by t h e  subl imat ion  s t u d i e s .  
x i  , t u r b  = (CF,lam/CF,turb) (xi  ,lam) , where t h e  average sk in -  
Severa l  o t h e r  methods f o r  ob ta in ing  t h e  v i r t u a l  o r i g i n  a r e  d iscussed  i n  
r e fe rences  1 and 7. For h e a t - t r a n s f e r  models, t h e  l o c a t i o n  of peak hea t ing  
is f r equen t ly  assumed t o  be t h e  l o c a t i o n  of t h e  v i r t u a l  o r i g i n .  This l o c a t i o n  
corresponds approximately with t h e  end of t r a n s i t i o n  ind ica t ed  by sublimation 
s t u d i e s ,  as confirmed by a comparison o f  t h e  subl imat ion  s t u d i e s  on t h e  p re s -  
e n t  model ( r e f .  23) and t h e  unpublished d e t a i l e d  temperature d i s t r i b u t i o n  on 
t h e  Polek f l a t - p l a t e  model ( r e f .  15) .  The comparisons shown i n  f i g u r e  8 i n d i -  
cate t h a t  a v i r t u a l  o r i g i n  a t  peak hea t ing  i s  no t  c o n s i s t e n t  wi th  t h e  
momentum-thickness measurements. Consequently, any eva lua t ion  of sk in -  
f r i c t i o n  o r  h e a t - t r a n s f e r  measurements based on such a choice f o r  t h e  v i r t u a l  
o r i g i n  would lead  t o  an e n t i r e l y  d i f f e r e n t  and poss ib ly  erroneous choice of 
theory  from t h a t  a r r i v e d  a t  from t h e  g e n e r a l i z a t i o n  ana lys i s  of f i g u r e  7. 
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In  conclusion, t h e  c f ( r E )  method is  recommended by t h e  authors  f o r  t h e  
eva lua t ion  o f  s k i n - f r i c t i o n  t e o r i e s  t o  avoid an a r b i t r a r y ,  and poss ib ly  
i n c o r r e c t ,  choice o f  t h e  v i r t u a l  o r i g i n  of  t u r b u l e n t  flow. 
CONCLUDING REMARKS 
Direct measurements o f  s k i n  f r i c t i o n  on a nonadiaba t ic  f l a t  p l a t e  a t  a 
Mach number o f  6 .5  i n d i c a t e  t h a t  t h e  methods o f  both Van Driest I1 and Coles 
p r e d i c t  t h e  s k i n  f r i c t i o n  w i t h i n  about 5 pe rcen t .  S i x  o t h e r  t h e o r i e s  under- 
p r e d i c t  t h e  s k i n  f r i c t i o n  as fol lows:  Moore, 10 pe rcen t ;  Sommer and Shor t ,  
15 percent ;  Spalding and Chi ,  Ecker t ,  Harkness, Baront i  and Libby, 20 t o  25 
pe rcen t .  The t h e o r i e s  are eva lua ted  on t h e  b a s i s  o f  t h e  measured momentum- 
th ickness  Reynolds number, and t h i s  method i s  shown t o  b e  cons i s t en t  with t h e  
v isua l - f low s t u d i e s  f o r  t h e  end o f  t r a n s i t i o n .  There i s  no no t i ceab le  effect  
of  boundary-layer t r i p s  on t h e  c o r r e l a t i o n  o t h e r  than t o  inc rease  t h e  
momentum-thickness Reynolds number. Arb i t r a ry  s e l e c t i o n  o f  a v i r t u a l  o r i g i n  
a t  t h e  end o f  t r a n s i t i o n  (near  peak hea t ing )  i s  shown t o  be  incons i s t en t  with 
t h e  momentum-thickness r e s u l t s .  This approach can l ead  t o  e n t i r e l y  d i f f e r e n t  
and poss ib ly  erroneous conclusions regard ing  t h e  b e s t  theory f o r  p r e d i c t i n g  
s k i n  f r i c t i o n .  I t  i s  suggested t h a t  a d d i t i o n a l  d i r e c t  measurements of s k i n  
f r i c t i o n  b e  analyzed on t h e  b a s i s  of  measured momentum-thickness Reynolds 
number f o r  a range o f  t e s t  v a r i a b l e s  wider than t h a t  o f  t h e  p re sen t  i n v e s t i -  
ga t ion  before  a f i n a l  s e l e c t i o n  o f  a theory i s  made f o r  p r e d i c t i n g  t u r b u l e n t  
s k i n  f r i c t i o n  a t  hypersonic  Mach numbers. 
Ames Research Center  
Nat ional  Aeronautics and Space Adminis t ra t ion 
Moffet t  F i e l d ,  Cal i f . ,  94035, Sep t .  25, 1969 
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APPENDIX A 
CALCULATION OF VIRTUAL O R I G I N  OF TURBULENT FLOW 
The procedure followed i n  c a l c u l a t i n g  v i r t u a l  o r i g i n  from t h e  measured 
Cf, it follows t h a t  each theory a l s o  w i l l  g ive  d i f f e r e n t  l oca t ions  f o r  
Re is given below. S ince  each theory  has  d i f f e r e n t  t ransformat ions  f o r  R e  
and 
t h e  v i r t u a l  o r i g i n .  
From t h e  K&mzn-Schoenherr equat ions , t h e  incompressible  l o c a l  sk in -  - 
f r i c t i o n  c o e f f i c i e n t  rf can b e  w r i t t e n  i n  terms o f  cg (see - re f .  25) o r  R e  
(eq.  ( 3 9 ) ,  t a b l e  1). By equat ing  these  r e l a t i o n s h i p s  f o r  Cf and by - sub- 
- s t i t u t i n g  2F8/Kx f o r  FF, a s i n g l e  equat ion  i s  obta ined  i n  terms of  Re and 
R, as 
(A1 1 1 - 
0.242 (2Fe/Ex) 
- 
0.242 + 0 . 8 6 8 6 J 2 2 m -  17.08(1og10 Eo)' + 25.11 l o g l o  Re + 6.012 
- 
R, 
R e  = (Re) (Fe/Re) i n  equat ion (Al) ; t h e  r a t i o  
After E, i s  found, R, i s  ca l cu la t ed  from 
can b e  determined by i t e r a t i o n  from equat ion  (Al) a f t e r  s u b s t i t u t i n g  - - 
R e / R e  i s  given i n  t a b l e  1. 
- 
where C f / C f  i s  a l s o  given i n  t a b l e  1. F i n a l l y ,  t h e  d i s t ance  from t h e  
survey s t a t i o n  t o  t h e  v i r t u a l  o r i g i n  of  t u r b u l e n t  f low i s  ca l cu la t ed  from 
1 2  
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TABLE 1.- TRANSFORMATION FUNCTIONS 
Spalding-Chi 
(ref. 9)  
(3) 
2A2-B 
Somer-Short 
(ref. 3) 
Herkneas 
(ref. 2) 
1 
WSS .)0.702(~ )0.772 aw 
Coles 
(ref. 13) 
a, p,A,and B are 
the same a8 for 
Van Driest I1 
Tis = Te X 
Eckert 
(ref. 10) 
Moore 
(ref. 11) 
A = 0.9212 x 
eo.0706a (18) 
where the common factors are: 
F * Twhe (32) t = 1 - Few (36 )  
Few = Tw/Taw (33)  Taw = Te(1 + rm) (37) 
L = 11.5+6.6t (34) r = 0.88 
m = 0.2 M,Z ( 3 5 )  p = 0.0232X10-Efi 1 + ?  10 - T  ?k!?! ft2 (38) ( )-I 
(Keyes' viscosity formula, ref. 17) 
T = temperature, OR 
aCrocco temperature distribution for unit Prandtl number 
given as a function (9 UT of E in ref. 26 
TC is obtained from 
eqs. (241, (26), and 
(27) by iteration 
Baronti-Libby 
(ref. 14) 
and the i n n i n  - Schoenherr incompressible equation i s  
- 1 
Cf = 17.08 (logloRg)2 + 25.l.l loglo& + 6.012 
(39) 
TABLE 2.- FLOW CONDITIONS FOR SKIN-FRICTION DATA 
D 
d 
6 
d 
n 
0 
3888 
3550 
3625 
3679 
3665 
I 4652 
22.0 
4.1 
13.6 
6.6 
37.4 
14.0 
21.5 
23.0 
8.1 
12.1 
27- 7 
27.8 
3.6 
683.0 
238.3 
356.4 
819.6 
822.0 
106.4 
2.822 3.815 149 
1.263 2.185 124 
1.813 3.890 130 
4.011 8.326 133 
4.065 6.419 132 
0.241 0.728 213 
583 
548 
559 
534 
587 
551 
5 64 
561 
537 
543 
572 
5 72 
545 I’ransitional 
1850 
1379 
1474 
1770 
1960 
1410 
1477 
1376 
1158 
1250 
1240 
1231 
1922 t 
0.34 1.57 
0.37 1.38 
0.41 1.52 
0.32 1.24 
0.32 1.22 
0.43 
0.42 
0.45 
0.51 
0.50 
0.51 
0.51 
0.30 
1.25 
1.20 
1.23 
1.41 
1-35 
1.00 
1.06 
0.90 
Turbulent Off 
I Transitional Turbulent 
Transitional on 
I Turbulent 
Off I 
I Off I 
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1- Survey complex 7 Skin-friction balance 
A-38076 
Figure 1.- Sharp-edged f l a t  plate  mounted i n  the Ames 3.5-Foot Hypersonic Wind Tunnel, 
[u 
0 
Note: A l l  dimensions 
a r e  i n  inches 
of p i t o t  
probe 
Side view 
Figure 2.- Geometry of f l a t  p l a t e  and o ther  pe r t inen t  d e t a i l s .  
Figure 3 . -  Survey complex. A-38502 
21 
S t a t i c  pressure probe 
0.71 ‘_I / (no t  used) 
0.062 O.D. tube 
1- 
T Total  temp. 
probe sh ie ld  - 
0.20 r 
0.040 O.D. 
* . o ? c O  O.D. by 
0.20 w a l l  tube f l a t t ened  k- 0 . 3 5 4  0.060 0 -  
t to-0.010 ins ide  - tube /=/ / 
0.030 O.D. by 0.004 
wall  tube f l a t t ened  
t o  0.006 ins ide  and 
I I 
ground t o  0.010 out-  
s i  de height 
Top view 
Note: A l l  dimensions 
a r e  i n  inches 
1.23 - 
0.03 
- 
Temp. and p i t o t  probes bent 
approx. as shown t o  obtain 
data  c lose r  t o  surface 
7-- 
22 
Side view 
Figure 4.- Geometry of survey complex. 
L- V - - _ _  
Iu 
w Figure 5.-  Skin-friction balance, 
A-39408 
cf 
4x10 
I I 1 I I  1 ! ! I  
Laminar B.L. t heo ry  
and Johnson, ref 
~~ 
10 
2 
- 
io4 
Figure 6.- Local s k i n - f r i c t i o n  data (symbols defined i n  Table 2) .  
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10-5. 
I 
Transformed d a t a  (symbols def ined  i n  Table  2) 
--- Kirma’n - Schoenherr ( incompressible)  
! ! I I I I I  
11 ( r e f .  5) Van Dries 
=\ 
.- 
. 
~ 
-. f _. _T 
1 Spalding - C h i  f i e f .  
T -  
----7 
-- -- __ I -1 - L -  f 1 
- . 
( a )  Van D r i e s t  I1 or  Spalding and Chi’s theo r i e s .  
Figure 7.- Transformed s k i n - f r i c t i o n  data. 
- -~ -~ 
data ( s&bols defined in 
Ka”a/n - Schoenherr ( incompressible) 
10-2 
io-= 
3X102 
- .  -r 
io4 
(b) Sommer and Short or Eckert’s theories. 
Figure 7.- Continued. 
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I 
10 -* . . . .  ~- _ _  Transformed data (symbols defined in Table 2) 
I /  - - - Karman - Schoenherr (incompressible) 
- 1  Q, 
\ 
-
. ... 
t 
I I ~ 
\ 
'1- l -  . I 
los 
i i i i i r i ~  
I I H ! ! !  
Moore (ref. 11)l 
I 
Harkne s s re 
-d 
1 
( e )  Moore or Harkness ' theories. 
Figure 7.- Continued. 
I 
I 
I - . 1: 
io4  
27 
I 
. .  
Transformed data (symbols defined in 
Table 2) 
K&"n - Schoenherr ( incompressible) 
--- Coles (incompressible) 
3 
10- 
3x10" 
(d) Coles' theory (ref. 13). 
Figure 7.- Continued. 
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- Transformed data 
Kdrmdn - Schoenherr (incompressible) 
Table 2) --- 
--- Coles (incompressible) 
3 
1- jl 
! 
10 10 
( e )  Baronti and Libby’s theory (ref. 
Figure 7.- Concluded. 
14). 
w 
0 
I 
z, 
Sommer and Short, 32.8 in. 
End of B.L. transition 
indicated by sublimation 
photographs 
I 
B.L. survey 
station 
Eckert, 35 .2 in. 
I 
I 
I- N 
Figure 8.- Virtual origin of turbulent flow calculated from R e ;  natural transition; 
Ue/Ve = 4.065~1O~xft-~. 
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